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The tetragonal-to-orthorhombic phase transition at Ts, which precedes the antiferromagnetic phase transition
at TN in many iron-based superconductors, is considered one of the manifestations of electronic nematic order.
By constructing temperature-pressure phase diagrams of pure and Co-doped BaFe2As2, we study the relation of
Ts and TN under pressure p. Our data disclose two qualitatively different regimes in which T = Ts − TN either
increases or decreases with p. We provide experimental evidence that the transition between the two regimes
may be associated with sudden changes of the Fermi surface topology. Therefore, our results not only support
the electronic origin of the structural order, but also emphasize the importance of details of the Fermi surface for
the evolution of nematic order under pressure.
DOI: 10.1103/PhysRevB.100.064512
I. INTRODUCTION
The family of iron-based superconductors manifests rich
phase diagrams, which reflect a complex interplay of struc-
ture, magnetism, and superconductivity [1,2]. Most of the
parent compounds in this family undergo a magnetic tran-
sition to a stripe-type antiferromagnetic (AFM) phase [3–5]
at TN , which is either accompanied or preceded by a struc-
tural transition from a high-temperature tetragonal to a low-
temperature orthorhombic structure at Ts  TN . Upon sub-
stitution [6–11] or pressurization [12–15], both transitions
are typically suppressed in temperature while still closely
following each other, and superconductivity emerges [3,16–
18] above a certain material-specific substitution level or
pressure. The close relation of superconductivity with mag-
netic and structural degrees of freedom [19–21] has raised
significant interest in understanding the origin and interplay
of the magnetic and structural transitions in these compounds.
Nowadays, in particular, in cases of Ts > TN , the structural
transition is considered as one of the manifestations of a
nematic phase [22–24], i.e., a phase with broken C4 tetragonal
symmetry, but preserved O(3) spin-rotational symmetry, that
precedes magnetic order. In fact, nematic order is suggested
to be a prime example of a more general concept of vestigial
order, which is induced by fluctuations of a multicomponent
primary order [25] and potentially relevant in various classes
of superconductors [26,27].
Even though there is consensus that nematicity in the
iron-based superconductors is driven by electronic degrees of
freedom [23,28–32], the microscopic origin of the electronic
nematic phase, however, is still under debate: Stripe-type afm
fluctuations [23,33–39] and orbital fluctuations between Fe
3d orbitals [40–45] have been suggested as possible driving
forces of the nematic phase. As both of these types of orders
break the same symmetry, a distinction between the two
scenarios can likely only be achieved by a comparison of
experimental results and microscopic modeling. As a conse-
quence, a thorough explanation of what controls the extent
in temperature of the purely nematic phase is lacking. In
this context, a very peculiar example is FeSe [46] in which
nematic order is observed without any indications for long-
range magnetic order.
The missing link for understanding and controlling nematic
order might be unraveled by extensive experimental studies
of the phase diagrams, which depict the evolution of long-
range nematic and magnetic order, as a function of various
external control parameters. So far, the following archetypical
iron-pnictide phase diagram was shaped by investigations on
the 122 family, in particular BaFe2As2, mostly using chemical
substitution as a tuning parameter. The parent compound
BaFe2As2 undergoes a second-order structural transition at
Ts ≈ 135 K, closely followed by a weak first-order magnetic
phase transition at TN upon cooling [3,47,48] (T = Ts −
TN ≈ 0.5 K to 1 K). For electron doping, the AFM and
structural transition temperatures rapidly split further upon
increasing doping level with Ts > TN [7,11,47,48]. Thus, the
phase diagram upon electron doping reveals a wide region of
purely nematic order. In contrast, no splitting of Ts and TN was
observed upon hole doping [8].
Several pressure studies revealed a suppression of both
Ts and TN [12,49–52], which led to the common belief that
pressure and electron doping can be considered as simi-
lar tuning parameters. However, no systematic experimental
study has been conducted yet [14,53,54] as to how Ts is
related to TN in the BaFe2As2 family under pressure, p. The
tuning by pressure here is not only complementary to sub-
stitution studies, but also lacks any complications related to
changes in substitution-induced disorder. Pressure-dependent
studies of the phase diagram might therefore be considered
as an even more clear example case for comparison with
microcoscopic theories. By measuring the specific heat of
the Ba(Fe1−xCox )2As2 family under pressure, we are able to
trace the magnetic and structural transition temperatures as
a function of pressure by performing one single experiment
(see Appendix C, Figs. 17–19 for supporting transport data)
in an unambiguous manner (without the need of invoking a
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FIG. 1. Specific heat anomaly, C/T , vs temperature T of Ba(Fe1−xCox )2As2 [x = 0 (a), x = 0.02 (b), x = 0.33 (c)] at different pressures
up to 2.05 GPa. Black (brown) arrows mark the position of the inferred antiferromagnetic (structural) transition temperature at TN (Ts).
timescale of our measurement technique). Our results clearly
reveal the existence of two qualitatively different regimes
in which T = Ts − TN either increases or decreases with
p. By combining this data with Hall measurements under
pressure, we assign the different response of the structural
(=nematic) transition to pressure to the system undergoing
a sudden change of the Fermi surface topology. Thus, our
results support the electronic origin of nematicity in the
BaFe2As2 family and, even further, provide evidence that
details of the Fermi surface play a key role for the pressure-
tuned nematic transition. In turn, this allows us to discuss
implications on electronic parameters governing the phase
diagram of the 122 pnictides.
II. METHODS
As-grown single crystals of Ba(Fe1−xCox )2As2 (x =
0, 0.02, 0.033) used in this study were grown out of self-
flux, as described elsewhere [6]. Given x values correspond
to the measured rather than the nominal values [6]. Spe-
cific heat under pressure measurements were performed in
a piston-cylinder pressure cell with maximum pressure of
≈ 2 GPa using the AC calorimetry technique, as described in
detail in Ref. [55]. Hall effect measurements under pressure
were performed using the same procedure, as described in
Ref. [56] for ambient p studies (see SI). In both cases, a
4:6 mixture of light mineral oil and n-pentane was used as
a pressure-transmitting medium. This pressure medium solid-
ifies between 3 and 4 GPa at room temperature [13,57], which
ensures good hydrostaticity of the pressure environment in
our experiment. Pressure values given in the entire paper
correspond to the ones determined at low temperatures via the
shift of the critical temperature of elemental lead [58].
III. EXPERIMENTAL RESULTS
Figure 1 summarizes results of our pressure(p)-dependent
specific-heat (C) study of total three members of the
Ba(Fe1−xCox )2As2 family [x = 0 (a), 0.02 (b), and 0.033 (c)].
The anomalous contributions to the specific heat, C(T )/T ,
which were obtained after subtraction of a background con-
tribution (see Appendix A, Figs. 5–7), all reveal very similar
features. We find a sharp peak in C/T at all pressures, which
becomes strongly reduced in size and shifts to lower temper-
ature upon increasing p. As known from detailed ambient-p
thermodynamic and scattering studies [6,47,59], this sharp
peak in C/T (indicated by the black arrows in Fig. 1)
corresponds to the signature of the AFM phase transition at
TN . At the same time, depending on the separation of the
structural and AFM transition, most of the data sets reveal
either a shoulder or an additional peak on the high-T side of
the AFM peak (visualized by the brown arrows). This feature
is known to be associated with the structural phase transition
at Ts, again from ambient-p thermodynamic and scattering
studies [6,47,59].
By defining criteria based on the C/T data sets, as well
their T -derivatives (see Appendix A, Figs. 5–10) we construct
T -p phase diagrams, shown in Fig. 2. These phase diagrams
contain the main findings on the p evolution of TN and Ts of the
present paper. For all three studied compounds, we find a sup-
pression of Ts and TN with p. For the parent compound [x = 0,
see Fig. 1(a)], the initial suppression rate of TN is consistent
with previous literature results [12]. Importantly, our study
goes beyond these previous studies, as it demonstrates that
Ts is suppressed at a lower rate than TN over the investigated
p range. This results in a monotonically increasing splitting
T = Ts − TN as a function of p from T (p = 0) ≈ 1 K up
to ≈ 3.1 K within 2 GPa [see inset of Fig. 2(a)]. The phase
diagram of the system with intermediate Co substitution level
[x = 0.02, Fig. 2(b)], which is well-known to exhibit a sizable
T at ambient p, initially reveals a very similar behavior,
which gives rise to an increase of T with p. However, in this
case, above p ≈ 1.3 GPa, the behavior is suddenly reversed
and Ts is suppressed faster than TN . Correspondingly, the two
transitions approach each other again, which is displayed in
a decreasing T with p, and tend to merge at p > 2 GPa.
It is interesting to note that the sudden reversal of T
with p at ≈ 1.3 GPa mainly results from a change of the
behavior of Ts with p, as TN shows a smooth evolution with
p. In case of a sample with even higher Co concentration
064512-2
ROLE OF THE FERMI SURFACE FOR THE … PHYSICAL REVIEW B 100, 064512 (2019)
100
110
120
130
80
90
100
110
0.0 0.5 1.0 1.5 2.0
40
50
60
70
80
90
(c)
(b)
Ts
TN
T
(K
)
(a)0 1 2
0
2
4
ΔT
(K
)
p (GPa)
T
(K
)
Ts
TN
0 1 2
0
2
4
6
ΔT
(K
)
p (GPa)
x = 0.033
x = 0.02
x = 0
Ts
TN
T
(K
)
p (GPa)
0 1 2
0
4
8
ΔT
(K
)
p (GPa)
FIG. 2. Temperature (T )-pressure (p) phase diagram for
Ba(Fe1−xCox )2As2 [(x = 0 (a), x = 0.02 (b), x = 0.33 (c)]. Black
squares (brown circles) correspond to antiferromagnetic (structural)
transition temperature at TN (Ts). Insets: Pressure dependence of
T = Ts − TN . Error bars in the main panel are smaller than the
symbol size due to the large temperature scale.
[x = 0.033, Fig. 2(c)], Ts is suppressed at a higher rate than
TN over the full investigated p range. Thus, the initially well-
separated transitions approach each other rapidly and merge
at p≈ 1.5 GPa. We note that a recent p study [54] of a sample
with x = 0.025 disclosed a monotonically decreasing T
with p as well.
We can summarize these observations as follows: At low
x and/or low p, T increases with p, whereas for higher x
and/or higher p, T decreases with p. In other words, there
exist two distinct regimes in which p and Co substitution
either act similarly in terms of the splitting or counteract each
other, respectively. The transition between the two regimes
can be induced by changing x, implying a critical concentra-
tion xc. Alternatively, as our measurements on the x = 0.02
sample show, application of p can also result in a transition
from the d (T )/d p > 0 to d (T )/d p < 0 regime at a crit-
ical pressure pc(x), as long as x < xc. In terms of xc, taken
together with the data from Ref. [54], we can infer that 0.02 
xc  0.025. Previous ARPES [60], as well as thermoelectric
power and Hall effect measurements [56,61] at ambient p
revealed that there is a sudden change of the Fermi surface
topology (labeled Lifshitz transition therein) as a function of
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FIG. 3. Pressure-dependent Hall coefficient, ρH , taken at T =
25 K (left axis, filled squares) and T = Ts − TN (open stars) vs p
for Ba(Fe1−xCox )2As2 (x = 0.02). Solid lines are guides to the eye.
x in this xc range, which manifests itself particularly strongly
in the AFM state. Thus, this is highly suggestive of a strong
correlation between the distinct p response of Ts − TN and the
change in the Fermi surface topology.
To pinpoint this cross-correlation in the case of a p-induced
transition between the two regimes, we examined the com-
pound with x = 0.02 by Hall measurements as a function
of p across pc(x = 0.02) ≈ 1.3 GPa. The evolution of the
Hall coefficient, ρH , taken at T = 25 K, with p is presented
in Fig. 3 (and Figs. 14–16), together with T (p) inferred
from the specific heat measurements. This data set clearly
reveals a nonmonotonic behavior with a kinklike change of the
Hall coefficient at pc ≈ 1.3 GPa, at which d (T )/d p changes
sign. Such a nonmonotonic behavior of the Hall coefficient
as a function of the clean tuning parameter p on one single
sample cannot result from a variation of extrinsic parameters
(like disorder) and therefore strongly suggests a change in
the band structure. We stress that our data sets at different
temperatures (see Appendix B, Fig. 16) reveal a feature at
pc not only in the AFM state, but also in the paramagnetic,
tetragonal phase. Unfortunately, due to the limited availability
of techniques resolving the Fermi surface under p, we are not
able to determine the exact associated changes in the Fermi
surface topology (see discussion below). Nevertheless, two
important conclusions can be drawn from our experiments.
First, a change in the Fermi surface topology is a generic
feature of the BaFe2As2 phase diagram which can be induced
not only by electron doping, but also by p (which is not
expected a priori, as, generically, both tuning parameters
have distinctly different effects on the band structure). This
observation, together with the initial increase of splitting of Ts
and TN , emphasizes that starting from the parent compound
Co substitution and p initially act in a very similar manner.
Second, the breakdown of this analogy, which manifests itself
in a different response of Ts with respect to TN to tuning by
p and doping, is associated with a sudden change of Fermi
surface topology (see Fig. 4 for a schematic illustration).
IV. DISCUSSION
Our findings have important implications on the general
picture of the iron-pnictide phase diagram. Even though elec-
tron doping in form of Co substitution and pressure act very
similar on a gross level [12,15,62] (i.e., suppression of TN and
064512-3
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FIG. 4. Proposed schematic phase diagram of T = Ts − TN as a function of an electronic parameter, which tunes the magnetic and
structural transition from a simultaneous first-order transition to well-separated second-order transitions. Arrows indicate the response of
Ba(Fe1−xCox )2As2 to pressure and Co substitution before (a) and after (b) undergoing a change of Fermi surface topology. Solid (dotted) lines
indicate first- (second-) order transitions, red (blue) lines refer to the antiferromagnetic (structural) phase transition.
Ts), our study clearly demonstrated that they are not equal
tuning parameters on a finer level.
This being said, our experimental results strongly suggest
that the evolution of structural order with respect to mag-
netic ordering in the 122 iron pnictides is governed by a
more general parameter of electronic origin, as the high-T
paramagnetic state at T  Ts does not undergo any structural
change [6,15] as a function of x or p in this x and p range.
This conclusion is therefore consistent with any model of
electronic nematicity. Moreover, this parameter is likely re-
lated to detailed Fermi surface topology. As a consequence,
sudden changes in the Fermi surface topology result in a
nonmonotonic evolution of this parameter as a function of
experimentally accessible tuning parameters.
Indeed, the microscopic model of Refs. [22,36] mapped
the phase diagram, evolving from a simultaneous first-order
magnetostructural transition to well-separated second-order
transitions (see Fig. 4), onto a single parameter α. In this
strongly simplified two-dimensional model, α is mainly af-
fected by changes in the chemical potential, μ, as well as the
ellipticity of the electron pockets, δm, and therefore represents
a parameter, which characterizes the nesting conditions of the
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FIG. 5. (a) Specific heat divided by temperature, C/T , vs temperature T of BaFe2As2 at different pressures, p, between 0 GPa and 2.05 GPa.
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in (a). (e), (f) Blowups of the data, presented in (b). Arrows and lines indicate the criteria to determine the antiferromagnetic and structural
transition temperatures at TN and Ts, respectively.
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Fermi surface. If such a single parameter indeed exists, it is
required for fundamental reasons [36], based on symmetry ar-
guments, that the merged magnetostructural transition is first
order in character, although potentially only very weak. Even
though this makes a definite experimental proof extremely
difficult in the presence of disorder and/or small p inhomo-
geneities, our results on the two border compounds of this
study reveal a distinctly different behavior (see Appendix A,
Fig. 11): whereas in the pure compound, the application of
p leads to an enhanced broadening of the AFM peak, the
peak width is almost unaffected, if not even slightly reduced,
in the case of x = 0.033. This observation suggests that p
modifies the character of the transition at x < xc and x > xc
in a very different manner and can therefore be considered as
an indication that the merged transition is indeed rather first
order in character.
It is also worthwhile to note that composite phase diagrams
as a function of Co substitution and p (see Appendix A,
Fig. 12) at x < xc and p < pc demonstrate that Ts is almost
similar for a given TN (x) = TN (p). This does not only point
toward a similar origin of Ts and TN , but also strengthens the
viewpoint of a parameter of electronic origin governing the
evolution of nematic order with respect to magnetic order in
the phase diagram.
In a next step, it is important to identify how small p
and a small amount of Co substitutions affect the three-
dimensional Fermi surface at and beyond the sudden change
of Fermi surface topology at xc or pc. A preliminary attempt to
describe these Fermi surface changes by standard DFT band-
structure calculations [63] called for extended approaches,
which capture the presence of sizable spin fluctuations. This
study is potentially feasible, but goes beyond the present
paper. If successful, these results will then form the basis to
verify different microscopic models of electronically driven
nematicity in the 122 family iron pnictides.
Last, we want to point out which implications our results
might have for the emergence of superconductivity in the
BaFe2As2 phase diagram. Previous studies [3,6–11,16–18]
have established that p as well as Co substitution induce
superconductivity once Ts and TN are sufficiently suppressed.
It was proposed that superconducting pairing in this series
is enhanced by either spin or nematic fluctuations [31,64]
which originate from the respective, putative quantum-critical
points [65–67]. It is therefore noteworthy that the application
of p on samples with x > xc (see Ref. [62] and Appendix A,
Fig. 13) induces superconductivity, although Ts and TN merge
and likely become a weak first-order transition. Consequently,
if critical fluctuations associated with a magnetic and/or
064512-5
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nematic quantum-critical point promote superconductivity, it
is crucial to identify the impact of fluctuations on supercon-
ductivity in the presence of a weak first-order transition.
V. CONCLUSION
We performed a systematic study of the structural and
magnetic transition temperatures Ts and TN under pressure in
Ba(Fe1−xCox )2As2. Our results demonstrate that the pressure
response of Ts, compared to TN , is strongly modified when the
system suddenly changes its Fermi surface topology either as
a function of Co substitution or pressure. We argue that this
observation speaks in favor of a Fermi-surface characterizing
parameter of electronic origin that governs the evolution of
nematic order in the iron-pnictide phase diagram. This result
therefore represents an important experimental benchmark,
with clear critical pressures and concentrations, for under-
standing the origin of nematicity and its relation to supercon-
ductivity in the iron-pnictide family.
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APPENDIX A: SPECIFIC HEAT UNDER PRESSURE
1. Detailed specific heat data
Figures 5–7 show the raw specific heat data [Figs. 5(a),
5(c) 5(d), 6(a), 6(c) 6(d), 7(a), and 7(b)] of the three
Ba(Fe1−xCox )2As2 samples with x = 0, 0.02 and 0.033, stud-
ied in this paper, as well as the derivative of these data
sets [Figs. 5(b), 5(e) 5(f), 6(b), 6(e) 6(f), and 7(c)]. The
data shown in the main paper in Fig. 1 were obtained from
the raw data sets presented in Figs. 5–7 by subtracting a
smooth background contribution. The latter was obtained by
fitting the specific-heat data for TN − 15 K  T  TN − 5 K
and Ts + 5 K  T  Ts + 15 K with a polynomial function of
the order of 3.
These data sets, depicted in Figs. 5–7, are used to deter-
mine the transition temperatures TN and Ts. The criteria used
are schematically illustrated in each panel and will be dis-
cussed in the following. The larger peak in C/T is associated
with the transition into the AFM state at TN . Correspondingly,
all data sets reveal a sharp step in d (C/T )/dT [see Figs. 5(b),
6(b), and 7(c)]. The midpoint of this steplike feature is used
to infer TN . Equally, one can refer to the resulting minimum
in the second derivative of the specific heat data, which are
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FIG. 7. (a) Specific heat divided by temperature, C/T , vs temper-
ature T of Ba(Fe0.967Co0.033)2As2 at different pressures, p, between
0 GPa and 1.95 GPa. Data were slightly offset with respect to each
other for clarity. (b) Blowup of the data, presented in (a). (c) Deriva-
tive of C/T with respect to T , d (C/T )/dT , for the same pressure
values as depicted in (a) and (b). Arrows and lines indicate the
criteria to determine the antiferromagnetic and structural transition
temperatures at TN and Ts, respectively.
exemplarily shown for each compound in 8-10. As shown
in each individual panel by grey dashed lines, the so-derived
TN values correspond to the peak position of the C/T data,
which are marked by arrows in Fig. 1 of the main paper.
If the two specific heat peaks associated with the magnetic
and structural transition are well-enough separated, then the
specific heat peak at Ts will also result in a steplike feature in
the first derivative, albeit smaller in size. For example, such
a steplike feature is shown on an enlarged scale in Fig. 10
below for x = 0.033 and p = 0.56 GPa. The midpoint of this
steplike feature can be used to infer Ts. Again, the so-inferred
Ts values correspond well to the position of the kink in C/T
(schematically indicated by the intersection of two straight
lines in Figs. 5(c), 5(d) 6(c), 6(d) and 7(b)] and the minimum
in the second derivative, as visualized by the grey dotted line
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in Figs. 8–10. In case Ts and TN are closer, the superposition
of the two specific heat peaks also manifests itself in the
first derivative. As a consequence, the first derivative depicts
a plateau rather than a sharp steplike feature at Ts (see, for
example, Fig. 8 below, for x = 0 and p = 2.05 GPa and
Figs. 5(e), 5(f), 6(e), 6(f), and 7(c)]. The midpoint of this
plateau can be used to infer Ts. In fact, a clear fingerprint
of this plateau can be observed when considering the second
derivative, which shows a shallow minimum exactly at the
midpoint of the plateau in the first derivative and the kink in
C/T (see grey dotted lines in Figs. 8–10 for comparison of
data, first and second derivatives; see intersection of dotted
lines in Figs. 5–7 which illustrate the kink position in C/T
for various data points as well as the corresponding plateau
features in d (C/T )/dT ).
For computing the derivatives of our specific-heat data,
the raw data were smoothened. In doing so, care was taken
that smoothening does not result in a significant shift of
the anomalies in temperature. This typically resulted in a
sliding average over a temperature window of less than 0.3 K
(while raw data spacing is less than 1 mK). From the good
agreement of the peak position at TN or the kink position in
Ts in C/T with the steplike features in the first derivative
as well as the minima in the second derivative (see dashed
and dotted lines in Figs. 8–10), we can conclude that the
error due to smoothening is comparably small. Nevertheless,
whereas the determination of TN results only in a small error
due to the sharpness of the features in d (C/T )/dT and
d2(C/T )/dT 2, there is certainly a larger error bar involved
in the determination of Ts. We estimate this error from half
of the width of the steplike features (or plateaulike features)
in the first derivative, d (C/T )/dT , and crosschecked these
with the full width at half maximum of the minima in the
second derivative. The resulting errors are of symbol size in
the main panels of Fig. 2 of the main paper. These errors
directly result in error bars in the inferred T values which
are clearly depicted in the insets of Fig. 2 of the main paper.
2. First- vs second-order transition
As indicated in the main text, from a symmetry point of
view, it is required that the merged magnetostructural transi-
tion is a first-order transition, if it is smoothly connected to
two separated second-order transitions. At the same time, this
implies that the first-order transition close to the merging point
is probably rather weak. This, together with experimental
uncertainties resulting from disorder and/or small pressure
inhomogeneities, make a definite experimental distinction
between first- and second-order transitions extremely difficult.
To investigate potential changes in the character of the phase
transition, we focus here on an analysis of the specific heat
peak, which is associated with the AFM ordering, of the
x = 0 and 0.033 compounds. To this end, in Fig. 11, we
normalized the data shown in Fig. 1 of the main paper to their
respective peak temperature and peak specific-heat value. For
x = 0, we find a monotonically increasing peak width as a
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FIG. 11. Anomalous specific heat contribution, C/T , at dif-
ferent pressures, each normalized to the maximum value at TN vs
T − TN for Ba(Fe1−xCox )2As2 with x = 0 (a) and 0.033 (b).
function of pressure across the full pressure range. In contrast,
the width of the specific-heat peak for x = 0.033 is almost
unaffected by changing pressure, if not even a bit reduced. In
the main text, we demonstrated that pressure on the x = 0,
on the one hand, results in an increased splitting of Ts and
TN and proposed that this moves the system further toward the
limit of two well-separated second-order transitions. Thus, the
increase in peak width is fully consistent with this proposal.
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FIG. 13. (a) Derivative of low-temperature specific heat data
on Ba(Fe1−xCox )2As2 (x = 0.033) at selected pressures between
1.61 GPa to 2.47 GPa. The kink in the data can be assigned to
the superconducting phase transition Tc. (b) T -p phase diagram of
Ba(Fe1−xCox )2As2 (x = 0.033). Black squares correspond to the
antiferromagnetic transition at TN , brown circles to the structural
transition at Ts, and blue triangles to the superconducting transition
at Tc. The evolution of Tc at lower pressures cannot be resolved in our
experiment due to limitations in the lowest accessible temperature as
well limitations in the resolution of broadened features.
On the other hand, we showed that pressure on the x = 0.033
compound causes both transitions to merge at p ≈ 1.5 GPa,
which has to result in a change from second order to first order.
The markedly different evolution of the peak width of the
compound with x = 0.033, compared to the x = 0 compound,
can be considered as an indication that the character of the
transition changes from second order to first order upon
applying pressure.
3. Unified phase diagrams
The present paper focuses on an investigation of the rela-
tion of AFM and structural transition temperatures TN and Ts
in BaFe2As2 as a function of pressure and Co substitution.
Our main finding is that there exist two distinctly different
regimes, in which application of pressure results either in
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FIG. 12. Unified phase diagrams as a function of pressure, p, (bottom axis) and Co substitution x (top axis) for Ba(Fe1−xCox )2As2 [x = 0
(a), 0.02 (b), and 0.033 (c)]. Full (open) black squares correspond to TN as a function of p (x), full (open) brown circles correspond to Ts as a
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FIG. 14. Hall resistivity, ρxy, of Ba(Fe1−xCox )2As2 (x = 0.02) as
a function of external magnetic field, μ0H , at T = 25 K.
an increase or a decrease of the splitting of Ts and TN . In
comparison to the effect of Co substitution, this implies that
in the first regime Co substitution and pressure act in a
similar manner, whereas in the latter regime Co substitution
and pressure counteract. To further quantify this statement,
we present in Fig. 12 unified phase diagrams, in which we
compose the phase diagrams as a function of p, determined
in the present paper, with those as a function of x, reproduced
from Ref. [6].
To construct these composite phase diagrams, we scaled
each T -p data set for a given x, in such a way, that the
TN (p) values match the TN (x) values of the T -x phase di-
agram. Remarkably, this procedure reveals different values
for the scaling parameters x/p starting from (0.0086 ±
0.0015)/GPa for x = 0 to (0.0034 ± 0.0015)/GPa for x =
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-1.0
-0.5
0.0
0.18 GPa
0.46 GPa
0.72 GPa
0.93 GPa
1.12 GPa
1.26 GPa
1.48 GPa
1.67 GPa
1.86 GPa
1.98 GPa
ρ x
y
(n
Ω
cm
)
μ0H (T)
T = 25 K
FIG. 15. Hall resistivity, ρxy, (symbols) of Ba(Fe1−xCox )2As2
(x = 0.02) as a function of external magnetic field, μ0H , at T =
25 K in the low-field region up to 4 T. Straight lines correspond to
linear fits to the ρ(H ) data sets.
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filled squares) taken at T = 25 K (top), 50 K (middle), and
125 K (bottom) as well as T = Ts − TN (open stars) vs p for
Ba(Fe1−xCox )2As2 (x = 0.02). Solid lines are guide to the eyes.
0.02 to (0.00052 ± 0.0015)/GPa for x = 0.033. It seems
likely that this behavior is related to the electronic Lifshitz
transition which occurs in the x = 0.02 sample at pc ≈
1.3 GPa or as a function of x at xc ≈ 0.022.
First, we focus on the evolution of Ts in these unified phase
diagrams. Despite the comparably low data density as a func-
tion of x, it can be clearly seen that in the case of the samples
with x = 0 and the sample with x = 0.02 below the critical
pressure pc ≈ 1.3 GPa [Figs. 12(a) and 12(b)], the behavior
as a function of x and p are not only qualitatively similar,
but also in first approximation on a quantitative level: Ts is
almost identical for a given TN . Obviously, this analogy breaks
down above pc for the x = 0.02 sample and, in particular, for
the x = 0.033 [Figs. 12(b) and 12(c)], as in this regime Co
substitution and pressure counteract.
The observation of an almost perfect quantitative matching
of Ts and TN for low Co substitution and/or low pressure is
remarkable. Taken together with the fact that pressure as well
as Co substitution independently induce an electronic Lifshitz
transition (see main text) at a similar TN , this strengthens the
present result that initially (i.e., before the system undergoes
a sudden change of Fermi surface topology) Co substitution
and pressure act similarly. When thinking in terms of a single
parameter, which governs the evolution of nematic order with
respect to magnetic order in BaFe2As2, the unified phase
diagram suggests that this parameter is then initially modified
in a similar manner by Co substitution and pressure.
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4. Relation to superconductivity
The search for pressure-induced superconductivity in
Ba(Fe1−xCox )2As2 by specific-heat measurements is some-
what limited by the lowest accessible temperature in these
experiments (T > 5 K) and the highest (reliably) achievable
pressure p ≈ 2.3 GPa. In Fig. 13(a), we show low-temperature
specific-heat data on the sample with highest concentration
in this paper (x = 0.033) at highest pressures. The data is
presented in a d (C/T )/dT vs T representation to better
visualize the salient feature associated with the supercon-
ducting transition at Tc. We identify the kink in d (C/T )/dT ,
which corresponds to a broad steplike feature in C/T (as
well known from ambient-pressure studies on the underdoped
Ba(Fe1−xCox )2As2 series [6]), as the signature of the su-
perconducting phase transition. This feature can clearly be
resolved at p  1.94 GPa and moves to higher temperatures
with increasing p [see Fig. 13(b)]. This data set therefore
supports the emergence of superconductivity under pressure
in a situation in which the magnetic and structural transitions
are merged into one, which is likely (even if weakly) first
order in character.
The present data set was collected on a sample, which did
not show any signature of superconductivity for T  2 K at
ambient pressure. As a consequence, it is difficult to infer
an onset pressure for superconductivity. Nonetheless, it is
interesting to note that a clear signature of superconductivity
with Tc ≈ 9 K is detected in this sample, once TN is suppressed
to ≈ 60 K. In previous pressure experiments on the parent
compound BaFe2As2 [12], zero resistance below Tc ≈ 10 K
was also detected when TN was sufficiently suppressed to
≈ 60 K (at p ≈ 4 GPa). This comparison might highlight
that the suppression of TN is crucial for superconductivity to
develop.
APPENDIX B: HALL EFFECT UNDER PRESSURE
1. Experimental details
For measurements of the Hall coefficient, a sample of
Ba(Fe1−xCox )2As2 with x = 0.02 was cut and cleaved into
a platelike crystal with dimensions 1 × 0.84 × 0.033 mm3.
Current and voltage contacts were carefully attached using
Epo-tek H20E silver epoxy. Current contacts were applied
to cover the two opposite ends of the crystal to ensure as
uniform of a current density as possible. Voltage contacts
were applied to the two remaining side faces of the crystal.
Data was collected using the ACT option of the Quantum
Design Physical Property Measurement System. Polarity of
the magnetic field was switched to subtract any magnetore-
sistive component due to a small misalignment of voltage
contacts. The Hall resistivity ρxy was therefore calculated as
an odd-in-field component via ρxy = (ρ+ − ρ−)/2 with ρ+
and ρ− being the resistivity in positive and negative magnetic
field, respectively. Pressure was created in a piston-cylinder
pressure cell made out of CuBe/Ni-Cr-Al. A 4:6 mixture
of light mineral oil and n-pentane was used as a pressure
transmitting medium. The given pressure values correspond
to the ones determined at low temperatures via the shift of the
critical temperature of elemental lead.
2. Results
Figure 14 shows Hall resistivity, ρxy, of Ba(Fe1−xCox )2As2
(x = 0.02) as a function of external magnetic field, μ0H , at
different pressures 0.18 GPa  p  1.98 GPa. All data were
collected at three different temperatures, T = 25 K, 50 K,
and 125 K. Whereas the data collected at 25 K and 50 K
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FIG. 18. (a) Comparison of derivative of resistance data, dR/dT ,
(left axis) and specific heat data, C, on BaFe2As2 at pressures of
1.31 GPa. (b) Blow-up of the data shown in (a).
correspond to the Hall effect in the AFM state at T < TN at
all pressures, the data at 125 K is taken in the paramagnetic,
tetragonal state at all pressures. At low fields, ρxy exhibits an
almost H-linear behavior with deviations occurring at higher
fields, likely due to the multiband nature of the iron-pnictide
materials and the impact of magnetic order on the Fermi
surface.
The data presented in Fig. 14 was used to extract the
evolution of the Hall coefficient ρH = ρxy/H as a function of
p. To this end, we evaluated the slope of the ρ data at low
fields up to 4 T. In this field range, ρ(H ) can be described to
a good approximation by a linear behavior (see Fig. 15 for a
blowup of the low-field region at T = 25 K). To estimate the
error, which results from choosing this particular procedure,
we fitted various low-field ranges of the ρH vs H data (0 T to
2 T, 0 T to 3 T, 0 T to 4 T, and 0 T to 5 T). The error bar for
each ρH data point in Fig. 3 of the main paper and in Fig. 16
corresponds to the standard deviation of the extracted slopes
of these various fits. The so-calculated errors are representing
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FIG. 19. Constructed temperature T -pressure p phase diagram of
BaFe2As2 showing the positions of antiferromagnetic and structural
transition temperatures at Ts and TN . Inset: T = Ts − TN as a
function of TN , inferred from the resistance data (open black circles),
and specific heat data (red stars).
an upper boundary of the error bar, resulting from the analysis
of our data.
The evolution of this slope with pressure is compiled for
all three temperatures in Fig. 16. As clearly seen in this plot, a
break of slope in ρH vs p can be observed at p ≈ 1.3 GPa at all
three temperatures investigated. This indicates that changes of
the Fermi surface do not only occur in the AFM state, but also
in the paramagnetic, tetragonal state.
APPENDIX C: RESISTANCE UNDER PRESSURE
In the following, we will compare our results from specific-
heat measurements (i.e., a thermodynamic quantity) with
measurements of resistance (i.e., a transport quantity) un-
der pressure, as, in general, both quantities should display
signatures of the magnetic and structural phase transition.
As this family of compounds is known to be sensitive to
nonhydrostatic pressure components (see, e.g., Refs. [7,50]),
we omit a discussion of the existing literature data taken at
higher pressures and therefore in inevitably less hydrostatic
conditions [57]. Instead, we present here a data set up to
2 GPa, which was collected in the same pressure environment
as the specific-heat data. This comparison supports our con-
clusions of a progressive splitting of Ts and TN , drawn in the
main text.
1. Experimental details
Resistance under pressure was measured in a four-point
configuration with current directed along the ab plane. Con-
tacts were made using Epo-tek H20E silver epoxy. AC resis-
tance was measured by a LakeShore 370 Resistance Bridge.
Measurements of the resistance were performed in the same
pressure cell (similar to the one described in Ref. [68]) as the
specific-heat measurements discussed in the main text.
2. Results on BaFe2As2
Figure 17 shows the collected data of the resistance, R,
as a function of T at different pressures up to 2.16 GPa.
All curves resemble a resistance behavior that is consistent
with previous pressure studies [12,49–52]. The resistance
shows metallic behavior in the entire temperature range and
a pronounced downturn at a characteristic temperature, which
is usually associated with the AFM and structural transition
temperatures TN and Ts. To identify the individual transition
temperatures and define criteria, we show in Figs. 17(b)–17(d)
the derivative of the resistance data, dR/dT , for a few selected
pressure points which represent the characteristic evolution of
features upon increasing pressure. At all pressures, dR/dT
displays a pronounced maximum (see black arrow in Fig. 17),
which we assign in the following to the AFM transition
temperature TN , as done in previous works on BaFe2As2
as well as recent works on the Co-substituted BaFe2As2
(see, e.g., Ref. [69]). In the latter work [69], it was argued
that the Fisher-Langer relation is applicable in the case of
Ba(Fe0.975Co0.025)2 As2 for the resistive feature at the AFM
and structural phase transitions. The validity of the Fisher-
Langer relation implies C(T ) ∝ dR(T )/dT . When analyzing
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transport data and following the Fisher-Langer relation, a
pronounced maximum at TN and a kink/shoulder at Ts in
dR/dT can be expected. Indeed, we find a kink in dR/dT
at T > TN at all pressures (see red arrow) and assign this to
Ts by using the intersection point of two straight lines. In
particular, the kink becomes clearly visible at higher pressures
(1.2 GPa and higher). In Fig. 18, we compare explicitly C
and dR/dT data at the same pressure value. Even though this
comparison shows that features in C(T ) and dR(T )/dT are
indeed similar, this figure also discloses slight differences in
the absolute transition temperature values, which we assign to
crystal-to-crystal variations in different batches.
The respective phase-transition temperatures are compiled
in a T -p phase diagram, shown in Fig. 19. Both transitions
(Ts and TN ) are suppressed with p; however, Ts at a slower rate
than TN . Consequently, the splitting T = Ts − TN becomes
larger upon increasing pressure. The splitting, inferred from
the transport data, amounts to ≈ 4 K at highest pressure of
2.16 GPa. Compared to the evolution of T , inferred from
specific-heat measurements (see inset), we find a very similar
evolution of T with TN (p). Therefore, a careful analysis of
transport data under pressure, taken in the same environment,
confirms our conclusions drawn from specific-heat measure-
ments in the main text.
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